In establishing a systemic infection, plant viruses must overcome the barrier to cell-to-cell movement that the plant cell wall presents. Two mechanisms of cell-to-cell movement that take advantage of plasmodesmatal connections between cells have been recognized (for reviews see Maule, 1991 ; Lucas & Gilbertson, 1994) . One mechanism involves a specific virus movement protein that increases the gating limit of plasmodesmata and is thought to participate in the formation of an RNA-movement protein-nucleoprotein complex that is capable of passing through the modified plasmodesmata. The second mechanism involves the formation of virus-conducting tubular structures that extend between the cytoplasms of adjacent cells. These tubules are composed, at least partly, of virus-encoded movement proteins and their formation is not dependent on the presence of the cell wall, plasmodesmata or other virus gene products (Perbal et al., 1993 ; Kasteel et al., 1996 Kasteel et al., , 1997 .
Tubular structures containing bacilliform virions were observed in cell-free extracts of Commelina diffusa infected with Commelina yellow mottle badnavirus (CoYMV). The exterior of the tubule reacted with antibodies to CoYMV movement protein, but not with antibodies to virus coat protein. Similar tubular structures containing bacilliform particles were also observed in ultrathin sections of CoYMVinfected C. diffusa. These tubular structures traversed the cell wall at points where this was thickened or protruded. No similar structures were observed in healthy C. diffusa. These observations support the hypothesis that the virion-containing tubular structures observed in cell-free extracts are the same as those observed in situ, that these structures are composed, at least in part, of virus movement protein, and that they play a role in the cell-to-cell trafficking of virions of CoYMV.
In establishing a systemic infection, plant viruses must overcome the barrier to cell-to-cell movement that the plant cell wall presents. Two mechanisms of cell-to-cell movement that take advantage of plasmodesmatal connections between cells have been recognized (for reviews see Maule, 1991 ; Lucas & Gilbertson, 1994) . One mechanism involves a specific virus movement protein that increases the gating limit of plasmodesmata and is thought to participate in the formation of an RNA-movement protein-nucleoprotein complex that is capable of passing through the modified plasmodesmata. The second mechanism involves the formation of virus-conducting tubular structures that extend between the cytoplasms of adjacent cells. These tubules are composed, at least partly, of virus-encoded movement proteins and their formation is not dependent on the presence of the cell wall, plasmodesmata or other virus gene products (Perbal et al., 1993 ; Kasteel et al., 1996 Kasteel et al., , 1997 .
Badnaviruses are plant pararetroviruses that encapsidate 7n5-8 kb circular double-stranded DNA in non-enveloped bacilliform virions. Commelina yellow mottle badnavirus (CoYMV) is the type member for the genus (Lockhart & Olszewski, 1994) . Generally, badnaviruses encode three proteins. The largest of these proteins is a polyprotein that yields several proteins including the virus coat, an aspartic protease involved in processing the polyprotein, and enzymes with reverse transcriptase and ribonuclease H activities that are involved in virus replication. Although little is known about the mechanism of badnavirus cell-to-cell movement, there is limited sequence similarity between the N terminus of the polyprotein and known movement proteins (Bouhida et al., 1993) , and mutations affecting this region block cell-to-cell spread of the virus but do not affect its replication (Tzafrir et al., 1997) , suggesting that this portion of the polyprotein gives rise to the CoYMV movement protein. Here we report the observation of CoYMV-containing tubules both in fractionated cell-free extracts of infected leaves and in situ. In addition, immunogold labelling demonstrates that the tubules are composed, at least partly, of CoYMV movement protein. This report describes a likely mechanism of cell-to-cell movement of badnaviruses, and provides additional evidence that this mechanism, which has been reported primarily for viruses with isometric particles, may also operate in the case of viruses with elongated particles (Kasteel et al., 1997) .
Cell-free extracts of CoYMV-infected Commelina diffusa leaf tissues were prepared in phosphate buffer (200 mM phosphate buffer pH 6n0, 4 % PEG 8000, 0n5 % 2-mercaptoethanol, 0n5 % sodium sulfite, 10 mM EDTA). The extracts were layered over a 5 ml cushion of 30 % sucrose in 20 mM phosphate buffer pH 6n0 containing 250 mM NaCl (PN buffer) and the virions and tubules were pelleted by centrifugation in a Beckman 50.2 Ti rotor at 35 000 r.p.m. for 70 min. The resulting pellet was resuspended in 0n5-1 ml PN buffer and layered onto a preformed caesium sulfate-sucrose gradient (Cheng et al., 1996) and centrifuged for 6 h at 15 mC at 28 000 r.p.m. in a Beckman SW41 rotor. The gradients were 0001-5135 # 1998 SGM JCF C.-P. Cheng and others C.-P. Cheng and others fractionated into nine 1 ml fractions and an aliquot of each fraction was examined by transmission electron microscopy (TEM). Free virions and tubules containing bacilliform viruslike particles were observed in greatest numbers in the sixth fraction from the top of the gradient.
The tubules were 50 nm in diameter, variable in length and contained 6-14 CoYMV-like particles. The wall of these tubules was 4n5-5n0 nm thick and the ends appeared to be fractured. The particles within the tubules were similar in size to free CoYMV virions (30i120-150 nm) observed in the same sample (Fig. 1 A) . Some tubules were grouped and appeared to be enclosed by a membrane (Fig. 1 A) .
Immunogold labelling was done as described previously (Cheng et al., 1996) . When immunogold labelling of fractions containing the tubules was performed using an antiserum that had been raised against purified CoYMV and subsequently affinity-purified using a bacterially expressed portion of the coat protein (Cheng et al., 1996) , portions of particles exposed at the ends of tubules were specifically labelled, as were free virions (Fig. 1 B) , indicating that the particles in the tubules are those of CoYMV. Virions contained entirely within the tubule were unlabelled, indicating that they were not accessible to detecting antibodies and\or gold-protein A conjugate.
The composition of the virion-containing tubules was investigated using an affinity-purified antibody raised against a bacterially expressed fusion protein containing a portion (amino acid residues 140-281 ; Medberry et al., 1990) of the CoYMV movement protein. This antibody detects CoYMV infection-specific proteins with apparent molecular masses of 38 and 40 kDa, which were not detected by pre-immune serum (data not shown). Intact virion-containing tubules isolated from cell-free extracts of infected plants were poorly labelled (Fig. 2 A) . Since the membrane surrounding the tubule could potentially prevent antibodies from coming into contact with the tubule wall, the membrane was removed by treating the crude cell-free extracts with 2n5 % Triton X-100 for 10 min prior to pelleting the tubules through the sucrose cushion. The tubules that were recovered were partially disrupted and reacted specifically with anti-movement protein antibody (Fig.  2 B-D) . In Triton X-100-treated preparations some tubules were largely intact and contained virions while others lacked virions and were collapsed. The amount of labelling of tubules was correlated positively with the extent of disruption. In control experiments, no labelling of tubules or of the collapsed structures by pre-immune serum was detected. No tubular structures resembling those described above were observed in extracts of healthy plants.
The in situ localization of the tubules in the cells of young symptomatic CoYMV-infected C. diffusa leaves was determined by examination of ultrathin sections by TEM. Tissue pieces were fixed in 5 % glutaraldehyde in 200 mM PIPES pH 7n0, post-fixed in 0n2 % osmium tetroxide in 100 mM sodium cacodylate pH 6n8, and infiltrated with 5 % aqueous uranyl acetate. Fixed samples were dehydrated in an acetone series and embedded in Quetol. Sections 90 nm thick were stained for TEM examination with uranyl acetate and lead citrate.
In CoYMV-infected C. diffusa some structural changes in the cell wall were observed (Fig. 3) . Tubules, with and without distinct CoYMV-like particles, were observed near or passing through the cell wall (Fig. 3) . The tubules were usually located within irregular thickenings and protrusions from the cell wall, and some were surrounded by a membrane that was contiguous with the plasma membrane (Fig. 3 A) . Occasionally, one end of the tubule was observed close to an accumulation of free virions (Fig. 3 A, B) . Some tubules passing between contiguous CoYMV-induced virion-containing tubules CoYMV-induced virion-containing tubules cells were greater than 1500 nm in length (Fig. 3 C) . Similar tubules, ultrastructural changes and bacilliform particles were not detected in ultrathin sections of uninfected plant tissues.
A probable mechanism of cell-to-cell movement employed by CoYMV, the type member of badnaviruses, is elucidated in this report. Virion-containing tubules were observed extending between adjacent CoYMV-infected C. diffusa cells and in cellfree extracts of infected tissues (Figs 1 and 3) , suggesting that CoYMV moves from cell to cell via these tubules, which presumably may occupy plasmodesmatal passages. The tubule morphology and structural changes to cell walls were similar to those reported to be induced by several isometric plant viruses (Bassi et al., 1974 ; Hibino et al., 1977 ; Jones et al., 1973 ; Hull & Plaskitt, 1973) .
Limited sequence similarities between movement proteins of diverse plant viruses, whether or not they induce the formation of tubular structures, have been reported (Koonin et al., 1991 ; Melcher, 1993 ; Mushegian & Koonin, 1993 ; Mushegian, 1994 ; Thomas & Maule, 1995 a, b) . The deduced sequence of the N terminus of the polyprotein encoded by CoYMV open reading frame III contains these similarities, suggesting that this region plays a role in cell-to-cell movement (Bouhida et al., 1993) . In particular, sequence similarities between cauliflower mosaic virus movement protein, which has been shown to induce tubule formation in protoplasts (Perbal et al., 1993 ; Kasteel et al., 1996) , and the CoYMV movement protein have been found. Recently, it has been shown that mutations deleting internal portions of the CoYMV movement protein have no effect on virus replication but block the establishment of a systemic infection, confirming that this portion of the polyprotein does indeed play a role in cell-tocell movement (Tzafrir et al., 1997) . Results of immunogold C.-P. Cheng and others C.-P. Cheng and others 
